Magnetic and optical properties of ZnO co-doped with transition metal and carbon have been investigated using density functional theory based on first-principles ultrasoft pseudopotential method. Upon co-doping with transition metal (TM) and carbon, the calculated results show a shift in the Fermi level and a remarkable change in the covalency of ZnO. Such cases energetically favor ferromagnetic semiconductor with high Curie temperature due to p-d exchange interaction between TM ions and holes induced by C doping. The total energy difference between the ferromagnetic and the antiferromagnetic configurations, spatial charge and spin density, which determine the magnetic ordering, were calculated in co-doped systems for further analysis of magnetic properties. It was also discovered that optical properties in the higher energy region remain relatively unchanged while those at the low energy region are changed after the co-doping. These changes of optical properties are qualitatively explained based on the calculated electronic structure. The validity of our calculation in comparison with other theoretical predictions will further motivate the experimental investigation of (TM, C) co-doped ZnO diluted magnetic semiconductors.
I. INTRODUCTION
Hexagonal zinc oxide (ZnO), a typical wide direct bandgap (3.37 eV) II−VI compound semiconductor with large exciton bonding energy (60 meV) at room temperature [1] , plays a role in various technological domains such as gas sensor [2] , transparent conducting oxide (TCO) [3] , liquid crystal displays [4] , and transparent thin-film transistors (TTFT) [5, 6] etc. Currently, ZnO-based diluted magnetic semiconductors (DMSs), which involve charge and spin degrees of freedom in a single substance, are attracting increasing attention because of their applications in the emerging field of spintronics. There has been a major effort to produce DMSs with Curie temperatures (T c ) at or above room temperature [7] . Initial theoretical prediction of T c above room temperature in p-type ZnO was made by Dietl et al. [7] . Thereafter, transition metal (TM)-doped ZnO-based DMSs have been studied extensively [8−10] . However, success in obtaining magnetism primarily depends on the details of the method employed for sample * Author to whom correspondence should be addressed. E-mail: hsuming − 2001@yahoo.com.cn preparation, therefore the origin of ferromagnetism is still unclear [11−13] . This subsequently promoted the further search for DMS based on alternative dopants. If non-TM dopants can be incorporated into ZnO to induce magnetism, DMS produced by doing so would not suffer from problems related to precipitates of dopants since they do not contribute to ferromagnetism. For example, carbon doping in ZnO has been investigated both in experiment and theory [14, 15] .
To increase the T c and magnetization, one feasible approach is co-doping with other metal elements. Sharma et al. showed that Sb was essential to increase the Curie temperature of ZnMnO [16] . Xu et al. also studied Al and Mn co-doped ZnO and found that Al doping was highly beneficial in obtaining a magnetic moment [17] . The optical properties of doped ZnO systems have also gained much attention. For example, Song et Recently, there has been interest on the microscopic properties of materials using first-principles investigation; and the electronic structure and optical properties in ZnO systems singly doped [20, 21] or co-doped [22, 23] with other elements have been successfully investigated. To our knowledge, electronic structures and magnetic properties of (Mn, C) co-doped ZnO system have been investigated in theory [14, 24] , and the codoped ZnO system was expected to be a ferromagnetic semiconductor with long-ranged ferromagnetism and high T c in these models. Few researches focus on the ZnO system co-doped with transition metal and carbon, although such doping might also significantly modify its magnetic and optical properties, which are particularly important for future applications of ZnO such as hybrid nanoelectronic, optoelectronic, and spintronic on-chip device platforms. Therefore, it is necessary to understand the effect of (TM, C) co-doping on the magnetic and optical properties of ZnO system.
In this work, we report on theoretical studies of Zn 0.9375 TM 0.0625 O 0.9375 C 0.0625 (TM=Mn, Fe, Co, Ni, Cu) system using first principles calculations based on density function theory (DFT). Interesting ferromagnetism with high T c and optical properties are expected. This work will motivate the further experimental investigation in fabricating (TM, C) co-doped ZnO optical materials.
II. THEORETICAL METHOD
Our simulations are performed with the cambridge serial total energy package (CASTEP) code, which is based on the DFT using a plane-wave pseudopotential method [25, 26] . The core region and valence electrons of the atoms in the supercell of pure and doped ZnO are described by generalized gradient approximation (GGA) employing Perdew-Burke-Enzerh (PBE) of functional form [27] 1 , respectively. The numerical integration of the Brillouin zone is performed using a 4×4×2 Monkhorst-Pack kpoint sampling while the cutoff energy of the plane wave is assumed to be 340 eV for the calculations of the optical properties. A more effective modification is implemented through local-density approximation plus on-site Coulomb interaction (LDA+U) for magnetic computations [14] , and it was employed for the exchange-correlation potential, with the energy cutoff of 380 eV and a k mesh of 3×3×1. In our studies, the U Mn:d =6.9 eV, U Co:d =7.8 eV and U Cu:d =8.0 eV are selected respectively (all the value of U are available for the TM doped ZnO system) [28] .
The lattice constant of wurtzite ZnO are 3.24927Å for a and 5.20544Å for c, respectively [29] . The 2×2×2 supercell containing 32 atoms is adopted for pure ZnO, as shown in Fig.1 . TM and C are used to substitute Zn and O atoms in this work, respectively. One model is obtained by replacing one O with a C atom (at site 2 shown in Fig.1 ), which corresponds to x=6.25% (ZnO 0.9375 C 0.0625 ). For the co-doping cases, one Zn and an O atom are substituted by TM and C atom, respectively. As a result, the chemical formula of our supercell is Zn 15 TMO 15 C. In general conditions, the C atom prefers to approaching the TM atoms in (TM, C) codoped ZnO system [14] . Taking the case of ZnO system co-doped with manganese and carbon, three different configurations of atomic substitution have been considered: (i) one Mn and one C atom substitute Zn and O atom respectively on the neighboring cation sites; (ii) they are connected via −O−Zn− bond; (iii) they are separated by −O−Zn−O−Zn− bond. On the other hand, other TM and one C atom substitute Zn and O atom respectively on the neighboring cation sites except for Mn (at site 1 and 2 shown in Fig.1 ). In addition, to study the magnetic properties of co-doped systems, two Zn atoms in the supercell (site 4 and 5 in Fig.1 ) are substituted with TM, intermediated by a C atom which replaces an O atom (site 3 in Fig.1 ). This is similar to the recent results of (Mn, C) co-doped ZnO [14] . Then, the systems are optimized with the lattice constants and the position of substitutional atoms. In the optimization process, the energy change, as well as the maximum tolerances of the force, stress, and displacement have been set as 2×10
−5 eV/atom, 0.05 eV/Å, 0.1 GPa, and 0.002Å, respectively.
III. RESULTS AND DISCUSSION

A. Electronic properties
To investigate the effect of co-doping on the electronic structure of ZnO, we first calculate the band structure, total density of states (TDOS) and the partial density of states (PDOS) of intrinsic ZnO. The computational results of band structure, as shown in Fig.2 (a), revealed a direct bandgap of about 0.809 eV at the symmetric G point, in agreement with other simulated results, for example, 0.73 eV in Ref. [30] and 0.80 eV in [31] . These values are smaller than the experimental value (3.37 eV) due to the choice of exchange-correlation energy. However, it does not affect the qualitative analysis of physical properties since such disagreement always exists in the current DFT calculation [30, 31] . In Fig.3 (a), we show the TDOS and PDOS of the Cdoped ZnO system. There is an excess hole at the top of the valence bands, indicating that ZnO doped with C (the interstitial site, the oxygen site) introduces p-type carriers into the system. The Fermi level moves into the valence bands, in good agreement with the experimental results in Ref. [32] . Compared with the DOS of pure ZnO, it is interesting to note that an additional peak, belonging to the electrons of C2p states appears near the Fermi energy level. In addition, another new peak near −10 eV is mainly attributed to electrons of C2s states, which is weakly interacting with other valence bands.
Next, three configurations corresponding to the different positions of Mn and C atoms are calculated in (Mn, C) co-doped ZnO system. Our calculations indicate that the ZnO system in which one Mn atom and one C atom substitute Zn and O atoms respectively on the neighboring cation sites is more stable than other two configurations. Therefore, the focus is on the electronic structure and optical properties of the neighboring cation sites for (TM, C) co-doped ZnO system. TDOS of (TM, C) co-doped ZnO system is shown in Fig.3(b) . Compared with pure ZnO, the remarkable feature for (TM, C) co-doped ZnO system is that addition peaks appear close to the Fermi energy level, similar to those in Fig.2(b) . It can be seen that the Fermi level shifts upwards into the conduction band in (Mn, C), (Fe, C), and (Co, C) co-doped systems, indicative of n-type doping, in agreement with other first- principles evaluations for (Mn, C) co-doped ZnO system [14] . However, for the (Ni, C) and (Cu, C) co-doped systems we draw an opposite conclusion: Fermi level shifts downwards into the valence band, evidencing ptype doping. Meanwhile, the TDOS shifts to the higher energy with increasing atomic numbers of dopants. Figure 4 shows the PDOS of the TM3d and C2p for (TM, C) co-doped ZnO system. One can see that the additional peak near the Fermi level is attributed to that of the TM3d and C2p electrons, indicating the strong hybridization between the TM3d and C2p states. Interestingly, the Mn3d, Fe3d, and Co3d electrons are generally localized around the Fermi level, whereas the Ni3d and Cu3d electrons are delocalized. Moreover, due to the effect by TM atoms, the PDOS of C in valence band becomes delocalized in comparison to the ZnO system singly-doped with carbon. As is known, some electronic orbitals in Zn 0.9375 TM 0.0625 O 0.9375 C 0.0625 system show linear combination with others, leading to lower bonding state (t b ) and a higher energy anti-bonding (t a ) state. As such, the covalent property is enhanced with increasing hybridization. Obviously, the hybridization between cation and anion is the weakest in (Cu, C) co-doped ZnO; therefore, the covalent property of (Cu, C) codoped ZnO systems becomes the weakest among these doping cases.
The bond population is a common characteristic used to analyze ionicity or covalency of a bond [33, 34] . A positive value of the bond population is indicative of covalent bonding, while a negative value corresponds to an ionic crystal. Mulliken bond population analysis of bonds around TM atom are listed in Table I , and the bond length and bond population show the average values of their equivalent position in the vertical direction of c axis for (TM, C) co-doped ZnO system. One can see that, compared with the Zn−O bonds in pure ZnO, the population and length of TM−O bonds in (TM, C) co-doped ZnO don't change significantly. This is mainly due to the same electronegativity between Zn and TM. The quantitative value of electronegativity between Zn and TM atoms shows little difference, indicating that the electrons of O obtained from Zn and TM atoms are equal in ability. It can also be observed that, in the case of (TM, C) co-doped ZnO, the population and length of TM−C bonds show a remarkable change. The population of TM−C bonds is much higher than those of Zn−O bonds in pure ZnO, and the length of TM−C bonds is shorter, indicating that the covalent properties of ZnO system co-doped with transition metal and carbon have increased. In addition, Cu−C bond attains the minimum value of population and maximum value of bond length in TM−C bonds, indicating that covalent property of Cu−C co-dped system is the weakest compared with other (TM, C) co-doped system, in agreement with our previous calculations. A preliminary analysis on the origin of manganese interactions in manganese compound semiconductors is to be carried out by analyzing the electronic structure of our computation. Note that the exchange interaction in the (TM, C) co-doped ZnO system would be mainly due to the hybridization between TM3d and C2p states, indicating that ferromagnetism is mediated through the p-d exchange interaction between TM ions and holes induced by C doping, conforming to the double-exchange mechanism. The ZnO system co-doped with manganese and carbon will be analyzed emphatically in the following. We calculated the electronic structure of Mn doped ZnO system for comparison. It is found that, as C is doped into the ZnO:Mn system, the net charge of Mn is increased from 0.56e to 0.73e, indicating that the number of electrons lost from Mn is increased and the covalent property is enhanced. On the other hand, the population of Mn−C bonds saturates at 0.95 for the ZnO system co-doped with (Mn, C), while the population of Mn−O bonds is only 0.47 for Mn-doped ZnO system, signifying that the electronic orbits coupling between Mn atom and other atoms are enhanced in C-doped ZnO:Mn system. It should be pointed out that (Mn, C) co-doped ZnO is expected to be a ferromagnetic semiconductor with high Curie temperature, which is in agreement with the calculations by Lin et al. [14] . The total energy difference (∆E) between the ferromagnetic (FM) and the antiferromagnetic (AFM) configurations, which determines the magnetic ordering, was calculated in (Mn, C), (Co, C) and (Cu, C) co-doped systems for further analysis of magnetic properties. As shown in Table II , all the configurations in the FM ordering are lower than the AFM one, indicating that the co-doped ZnO systems are FM semiconductors. The FM configuration with total magnetization of 7.9 µ B /supercell in the (Mn, C) co-doped ZnO system is found, in agreement with other simulated value 8.0 µ B /supercell [14] . Especially, the (Mn, C) co-doped ZnO system shows a system, the FM configuration with total magnetization of 4.0 and 2.0 µ B /supercell were evidenced, respectively. The calculated system energy showed that the lower energy in FM ordering than in AFM state by 59.7 and 73.6 meV/Mn in these two systems, respectively. Such results suggest that (TM, C) co-doped ZnO systems energetically favor ferromagnetic semiconductor with high Curie temperature.
To reveal the mechanism behind the magnetic behaviors in co-doped systems, the DOS and spatial charge and spin density in FM state of the spin interaction in the (Cu, C) co-doped ZnO system is mainly attributed to the hybridization between Cu3d and C2p states. Consequently, ferromagnetism is mediated through the p-d exchange interaction between Cu ions and holes induced by C doping, which is consistent with the result of our previous analysis. A 3D isosurface of the average spin charge density is shown in Fig.6 . It clearly shows that the charges are mainly contributed by Cu and C ions, indicating that the magnetic properties of the material mainly comes from Cu and C ions. Moreover, smaller magnetization also exists on neighboring ions but it diminishes further and eventually vanishes as one move further from Cu. Reasonably, in the (Cu, C) co-doped ZnO system, two Cu ions can couple together ferromagnetically through the extended spin-polarized states induced by C.
B. Optical properties
To investigate the optical properties of the (TM, C) co-doped ZnO system, it is necessary to calculate the imaginary part of the dielectric function ε 2 (ω). In general, the interaction of a photon with the electrons can be described in terms of time-dependent perturbations of ground-state electronic states. Optical transitions between occupied and unoccupied states are caused by the electric field of the photon. The spectra arising from the excited sates can be described by densities of states neither pertaining to the VB or CBs. The function ε 2 (ω) can be calculated straightforwardly using the momentum matrix elements between the occupied and the unoccupied states, and applying the appropriate selection rules. The real part of the dielectric function ε 1 (ω) can be calculated from ε 2 (ω) using the Kramers-Kronig relationship. Finally, all the other optical constants can be derived directly from ε 1 (ω) and ε 2 (ω), such as the absorption [35] :
It is noticeable that all the optical properties of codoped systems did not exhibit remarkably difference by using GGA or LDA+U method in our calculations; this will guarantee the validity in our further calculations of optical properties, and therefore the GGA method is still adopted in optical analysis. Since ε 2 (ω) is a critical characteristic of the optical properties for any materials, we give its dependence on the photon energy for pure ZnO and Zn 0.9375 TM 0.0625 O 0.9375 C 0.0625 system in Fig.7(a) . For pure ZnO, there are three main peaks in ε 2 (ω), corresponding to 1.81, 6.71, and 10.43 eV. The peak at 1.81 eV is mainly caused by optical transition between O2p states in the highest VB and Zn4s states in the lowest CB, very close to other calculations [22, 23] . The peak at 6.71 eV comes from the electron transitions between the Zn3d and O2p states, and the peak at 10.43 eV is mainly attributed to electron transitions between the Zn3d and O2s orbitals. It can be seen from Fig.7(a) that the line shape is almost the same for all the ZnO systems in the high energy range (>5.0 eV), while there exists a large difference in the low energy range (<5.0 eV). This is mainly due to the different origin of the peaks. In general, the peaks in the high energy range are mainly attributed to electron transitions between the Zn and O atoms, and the co-doping only affects the peaks in the low energy range. On the other hand, according to the analyses of electronic structure, the 3d electrons of TM atoms and electrons of C2p states are located near Fermi level, and Fermi level has shifted after co-doping with transition metal and carbon. For the (TM, C) co-doped ZnO system, one new peak exists near 0.5 eV, which is attributed to the electronic transitions between C2p states and other states nearby and by electronic intraband transitions of impurity TM3d states. Another interesting observation in this region is that the system co-doped with nickel and carbon has the highest peak. This may be due to the strongest electronic transitions in this configuration compared with other cases. Meanwhile, other new peaks appear in the range of 2.5 eV to 3.5 eV after co-doping, which shift to lower energy with increasing TM atomic numbers. These peaks come from the electronic transitions between Zn4s and O2p states, electronic intraband transitions of impurity TM3d states, and between C2p states and other states nearby.
The dependence of the absorption coefficient of ZnO systems with different concentrations is displayed in Fig.7(b) . Since the CASTEP module significantly underestimates the value of the energy bandgap, it is difficult to obtain the exact optical band gap. Therefore, the optical absorption spectra are calculated using the scissor operation, which is established and commonly used for the ZnO material system [21, 23] . Here, we apply the energy correction of 2.6 eV to fit the absorption edge of experimental value. It is clearly seen that the shape of absorption coefficient is almost the same for all the ZnO systems in the high energy range (>8.0 eV), while there is a large difference in the low energy range (<8.0 eV). After doping, all the starting points of the absorption coefficient are red-shifted compared to the pure ZnO, which is beneficial to design modern optoelectronic devices by the realization of bandgap engineering, and some additional peaks appear in the low energy range. The bandgap decreases from 3.25 eV to 1.8 eV for (Mn, C) co-doping and to 2.2 eV for (Fe, C) co-doping, which is the minimum and maximum gap in all co-doped ZnO systems respectively. These modifications may mainly come from the electronic intraband transitions of impurity TM3d states and between C2p states and other states nearby, so are the absorptions near 3.5 eV. Moreover, all the upper electron transitions, coupled with other transitions between Zn4s and O2p, introduce new peaks at 6.5 eV.
IV. CONCLUSION
In summary, first-principles calculations have been performed to study the magnetic and optical properties of (TM, C) co-doped ZnO systems. It was revealed that the Fermi level shifts into the conduction band in (Mn, C), (Fe, C), and (Co, C) co-doped systems, while it enters the valence band in the (Ni, C) and (Cu, C) co-doped systems. The population analysis shows that the covalent property of ZnO system co-doped with transition metal and carbon have been increased, and Cu−C bond attains a minimum value of population and a maximum value of bond length among all the TM−C bonds, in agreement with our PDOS calculations. Taking (Mn, C), (Co, C) and (Cu, C) co-doping for instance, it indeed expected to be a ferromagnetic semiconductor with high Curie temperature based on our calculations. After doping, all the starting points of the absorption coefficient are red-shifted compared to the pure ZnO, and optical properties are almost the same for all the ZnO systems in the high energy range, while there is a large difference in the low energy range. Finally, our results suggest that ZnO co-doped with TM and C holds an outstanding promise as an advanced and flexible diluted magnetic semiconducting material that features room-temperature ferromagnetism as well as excellent semiconducting and optical properties.
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